The binding of L-erythro-7,S-dihydrobiopterin ( BH 2 ) in the presence of L-Phe to recombinant human tyrosine hydroxylase was studied by IH-NMR spectroscopy. The distances (± 1.3 A) from the active site metal were estimated to be 5 .3-6.4 A for observable protons of BH2 and 7 .0-7.9 A for L-Phe protons.
Introduction
Tyrosine hydroxylase (TH, EC 1.14.16.2) is a non-heme iron and tetrahydrobiopterin-dependent enzyme which catalyzes the hydroxylation of L-tyrosine (L-Tyr) to L-3,4-dihydroxyphenylalanine (L- § Author to whom correspondence should be addressed.
Abbreviations BH 2 , L-erytho-7,8-dihydrobiopterin; BR., (6R)-L-erythro-5,6,7,8-tetrahydrobiopterin; TH, tyrosine h ydroxylase; THl, human tyrosine hydroxylase, isofoml 1; L-Phe, Lphenylalanine; 6 -MPH., 6 -methyl-tetrahydropterin ; NO ESY, nuclear Overhauser efiect spectroscopy; TPPI, rime proportional phase incrementarion; TRNOESY, tran ste rred nuclear Overhauser efiect spectroscopy.
Pteridines / Vol. 9 / No. I DOPA), the rate-limiting step in the biosynthesis of catecholamines (1, 2) . The enzyme also catalyzes the hydrox),lation of L-phenylalanine (L-Phe) to LTyr (3). The human enzyme exists as four isoforms (TH1-TH4) generated by alternative splicing events, and TH1 is the predominant form in the adrenal medulla and in the locus coeruleus and substantia nigra of the brain (4) . TH1 is expressed in Escherichia coli as an homotetramer (55.9 kDa per subunit) and is purified as an apoenzyme which is activated (up to a 40-fold) by incorporation of a stoichiometric amount of Fe(II) ( 5) . The enzyme is also competitively inhibited by other divalent metal ions, i.e . Zn(II), Co(II) and Ni(II) which bind to the same site as Fe(H) (3, 6) . Although Fe(H) is an essential component of the active enzyme (6, 7) , its mechanistic role in the hydroxylation reaction is not established. The identity of the putative hyciroxylating species is also unknown, but the detection of a 4a-hydroxy-tetrahydropterin intermediate, released from the enzyme during catalysis (7) (8) (9) , has suggested that a 4a-hydroperoxytetrahydropterin is likely to be formed in the oxygen-activation step. This hydroperoxy compound could serve either as the direct hydroxylating species through electrophilic addition to the aromatic ring of the substrate or as. an intermediate to its formation (7, 10) . The crystal structure of a truncated form of tyrosine hydroxylase has been recently determined (11), which in combination with the elucidation of the conformation of the bound substrates will at last allow to establish the catalytic mechanism of the enzyme.
In a previous work (3) the conformation of the substrate (L-Phe) and its proximity to the active site metal was determined by NMR using THI reconstituted with eo(H) or Zn(H). It was shown that the aromatic ring was placed at the second coordination sphere of the metal and that Febound oxy or peroxy species may approach molecular contact with the C3/C4 atoms of the ring. Preliminary data have also been obtained for the binding of the cofactor analogue 6-methyl-tetrahydropterin (12) to Co( H) -reconstitu ted THI in the absence of amino acid. In the present study the conformation of the oxidized form of the natural pteriIi cofactor L-erythro-7,S-dihydrobiopterin (BH z ) and its proximity to the active site metal in the presence of L-Phe, forming the catalytically inactive ternary complex [THI-metal . BH z · L-Phe], was determined based on metalproton distances measured by the paramagnetic probe-T\ method (3,13) supplemented by NOE distance constraints, measured by two-dimensional transferred NOESY (TNOESY) (14, 15) .
Materials and Methods

Materials
Before use, buffers and solutions of L-Phe (Sigma Chemical Co., St. Louis, MO), L-. erythro-7,S-dihydrobiopterin (BH 2 ) (Dr. B. Scrurcks Laboratories, Jona, Switzerland) and 5,6,7,S-tetrahyciro-3-methylpterin (see below) were passed through Chelex-l00 ion exchange resin (Bio-Rad Laboratories, Richmond, CA). 2H z O (99.96%), free from paramagnetic iInpurities, was from Aldrich (Aldrich Chemical Company, Inc., Milwaukee, Wi). Recombinant human tyrosine hydroxylase isoform 1 (THl) was expressed in E. coli and purified to homogeneity as previously described (5). The concentration of the protein was determined by the absorbance at 2S0nrn (E I %=10A cm· l )
at pH 7.0 (5). The purified preparations of THI contained about 0.02 iron/subunit, as determined by atomic absorption spectroscopy and were considered to represent the apoenzyme (apo-THl).
Synthesis of 5,6, 7,8-tetrahydro-3-methylpterin
A solution of 3-methylpterin (1.S g, 0.01 mol), prepared as described (16) in trifluoroacetic acid (40 ml) was reduced catalytically with hydrogen in a shaking apparatus in the presence of PtO z (0.2 g) as catalyst. The theoretical uptake of 2 equivalents of hydrogen (450 ml) was complete after 6 h. The solution was filtered under nitrogen to remove the catalyst. The brownish filtrate was concentrated in vacuum to a small volume and then treated with a saturated solution of methanolic HCl. A solid precipitated, the yield of which can be increased by addition of little ether. The precipitate was filtered off and dried over KOH in a desiccator to give 1.71 g (63%) of a brownish crystal powder. UV (0.1 N HCI) Amax 264 (£ 13764 25 .5S. The purity of the 5,6,7, S-tetrahydro-3-methylpterin was established both by IH-NMR and by HPLC and UV detection as described (12) . No other pterin in addition to the 5,6,7 ,S -tetrahydro-3-methylpterin was detected .
Tyrosine hydroxylase assay
TH activity was measured as described (17) ,
,7,S-tetrahydrobiopterin (BH4)' 0.5 mg/ml catalase,S mM dithiothreitol, and 20 ~M ferrous ammonium sulfate in 100 mM NaHepes, pH 7.0. The specific activity of purified THI was found to be 500±6 nmol DOPA minI mg l and the enzyme retained about 90% of its activity after prolonged NMR data acquisition (up to 24 h at 20°C, see below).
NMR measurements
THI samples were initially prepared in 20 mM NaHepes, pH 7. where I / T 2 =1t· ~Vl /2 ' The paramagnetic effects of the enzyme-bound Co(Il) on IITI and I / T 2 were analyzed by plotting the increase in the relaxation rates as a function of the conce ntration of added Co(II ) ( 5 ) . The normalized paramagnetic contributions to the longitudinal ( 1 / [rI P) and transverse ( I / [r21' ) relaxation rates were calculated using a Kj-value of 70 f..lM and Km-value of 85 f..lM for the binding of BH2 and L-Phe , respectively ( 3 ). TH 1 (0 .1 mM subunit) was calculated to be> 98% saturated with BH2 and LPhe ( added at 5 mM) for determining the normalized relaxation rates. For the binding of 5,6,7, 8-tetrahydro-3-methylpterin (added at 5 mM ), with a Km-value of 685 f..lM (see Results ), THI ( 50 f..lM subunit) was calculated to b e 94% saturated. The l / [rwvalues, together with the effective correlation time for the electron-nuclear dipolar interaction ('t<::= 1 .8 ± 0.1 ps), determined earlier for the [THI-Co(II ) . BH2 . L-PheJ complex ( 3 ), were used to calculate the metal-proton distances based on the general theory (13). Errors in the absolute distances include an approx. 15% contribution from the C-value (895± 125 ) arising from the g tensor for high-spin Co( Il ) ( 13) and an approx. 5 % contribution due to errors in I / [rI P and 't e . However, errors in the relative disPteridines/ Vol. 9 / No. 1 tances are practically limited to 3% (3).
Transferred ~OEs from the bound to the free state of b o th pterin and amino acid substrates were measured from NOESY spectra on a Bruker AM 400-MHz spectrometer at 20°C. The samples (0.5 ml) contained 0.3 mM THl, 5 mM BH 2 , 0 .3 mM ZnCI 2 , 0 .1 M KCI and 0.1 M deut e rated K-phosphate, pH* 7.4. After 5 min incubation at 20°C,S mM L-Phe was added. A similar fraction of bound BH2 and L-Phe (PB;::::0.06) was estimated at these concentrations of enzyme and ligands and this PB-value was found to be optimal to obtain cross-peak intensities significantly above the noise level and to reduce spin diffiIsio n effects ( 14) . NOESY spectra were acquired at different mixing times ( 50, 100, 150, 250 ms) , in the time-proportional phase-sensitive mode using TPPI fo r quadrature detection in where ()ORS is the observed chemical shift, <5p and ()B, the chemical shift for the signals of the free and bound ligand, respectively, and pi' and P B, the fraction of free and bound ligand, respectively. Since PB is small ( :::::; 0 .06), both ()OBS and the observed line width are dominated by the free ligand concentration . For a system in fast chemical exchange in which Wih«Wijs (cross-relaxation rates between spins i and j in the free and bound state, respectively) , the transferred NOE cross-peak intensities (aij) at mixing time ('t m ) are given by (2) with Wij B <X l / rij s 6 and r being the distance between spins i and j in the bound state (18, 19) .
Intensities of transferred NOE cross-peaks were measured by volume integration, and interproton distances were calculated at each mixing time using as a reference the distance of 2.46± 0.02 A between the H2,6 and the H3,S protons of LPhe as measured by neutron diffraction (20) and extrapolation to zero mixing time to minimize spin-diffusion effects. Distances from aliphatic to degenerate pairs of arom.atic protons in L-Phe were treated as single proton-proton interactions.
Molecular modeling
Conformation analyses were performed on an Indy workstation (Silicon Graphics, Inc .) using the programs Insight II and NMRchitect (Biosym Technologies, San Diego, CA). A series of conformers were generated from metal-proton and NOE distance constraints supplemented by chirality constrains by the DGH software package. Lower and upper limits for the metal-proton distances were set by considering the experimental error for relative distances to the metal (about 3%, see above), while the error limits for interproton dis - Calculations included triangle bound smoothing and embedding in four dimensions using metrized distance matrices (21, 22) . The embedded set of coordinates were refined using simulated annealing optimization followed by a conjugate gradient minimization of the error function (22) to obtain the converged distance geometry based structures.
Results
In order to determine the conformation of the pterin and the amino acid substrate ( L-Phe ) when sinmltaneously bound to Co(II )-reconstituted TH1 the oxidized form of the natural cofactor, Lerythro-7,8-dihydrobiopterin (BH2)' was used as a catalytically inactive analogue . Reduced pterin cofactors could not be used simultaneously with L-Phe due to the presence of some residual iron (trace amounts) in apo-TH1 (see Materials and Methods), which results in some catalytic turnover. BH2 is stable at neutral pH and binds to the enzyme as a competitive inhibitor versus BH4 (3) . The advantages of using L-Phe instead of L-Tyr as the amino acid substrate have already been discussed (3) .
Paramagnetic effects of enzyme-bound Co(II) on the relaxation rates of the proton resonances of BH2 and L-Phe
In the 400-MHz lH-NMR spectrum of a mixture of BHz and L-Phe in the presence of apo-TH1, proton signals from the pterin and the amino acid are observed beyond the protein envel ope and, except for the overlapping Ha proton of L-Phe and the H2' from BH z , the proton signals are well separated ( Figure I) . We have previously shown that both CoCH) and Zn(II) bind to apo-THI with high affinity competitive to UFrom external sodium 3-(trimethylsilyl)-propionate. 'Total errors in the absolute distances r, include contributions of 6 % from errors in 1/ /T,p and "tc, and contributions of 14% from the assumption that the value of g for high-spin Co(I1) is 4 ± 2 ( 15). 'Average position of the two H7 protons.
ternary complex was also observed after addition of 500l1M BH 4 • Thus, the outer-sphere contribution to the relaxation rates of BH2 in the complex [THI-Co(II) · BHl . Phe] was calculated to be equal to zero. The I/ffwvalues for BH2 protons and the distances from the paramagnetic center to these protons ( except for the H2' proton whose signal overlaps with that of the Hex proton of L-Phe) were then calculated (see Materials and Methods and ref.
3) ( Table 1 ). The linearity of the paramagnetic effects with the Co(II) concentration (data not shown and ref. 3 ) and the inequality of the I/fflP values for the different protons (Table  1) argue against significant contributions of spin diffusion to the relaxation rates. The 1/ ff2P-value for the H7 proton of BH2 was found to be 1664± 97 s·', an order of magnitude greater than its I / ffwvalue, indicating that the lifetime of the complex (LM) contributes little to the Twvalues and can be excluded in the calculation of distances. Distances from the paramagnetic center to the protons of L -Phe in the complex [TH1-Co(II)
. BH2 . Phe] were also calculated, and the values obtained ranged from 7.0 (± 1.3) A for the aromatic protons to 7 .9 (± 1.4) A for the H~ protons, in good agreement with previous calculations (3).
Intramolecular nuclear Overhauser effects in the enzyme-bound BH2 and L-Phe
The intramolecular proton distances of the bound BH z and L-Phe were measured from TRNOESY spectra of the complex [THI-Zn(I!) . BH z · Phe], since Zn(II) is diamagnetic and binds with high affinity to apo-THI (Kd=0.3I1M) at the same site as Fe(I!) (3, 5) . Transferred NOEs from the bound to the free state were observed for both BH2 and L-Phe as cross-peaks in the NOESY spectra, reflecting negative NOEs ( Figure  2 A (20) , can be used as a reference to calculate the intramolecular proton distances both in BH2 and L-Phe (Table 2) .
We have also looked for intermolecular interactions between BH2 and L-Phe in the NOESY spectra. However, the intensity of cross-peaks at the expected ppm values for these interactions was at the noise level of the protein cross-peaks, which precludes their unambiguous assignment to intermolecular interaction between the substrate and the pterin. Without distance constraints between L-Phe and BH2 an infinite number of positions may be adopted by both ligands around the active site metal and a plausible structural model of L-Phe and BH2 simultaneously bound to the enzyme could not be computed. "Internal standard from n eutron diffraction (26 ) .
h Average position of the two H7 protons.
Molecular modeling of bound pterins
BH2 was built within the Builder module ( Insight II) and its covalent geometry ( bond lengths , angles, planarity of the rings ) was optimized using the Mopac module with the MNDO framewo rk . Distance geometry calculations for BH2 were performed using the three measured metal-proton distances (Table 1 ) and the five interproton distance constraints (Table 2) supplemented by two chirality constraints, Rand S, for the C l ' and C2' chiral centers ( L-erythro-I',2 ' -dihydroxypropyl ), respectively. Thirty sets of coordinates were computed in the embedding step of the calculation and refined (22 ) . The refined set of structures was analyzed for the presence of chiral and distance constraints violations as well as covalent geometry violations. Three conformers with more than two violations of distance restraints were excluded, while for the rest o f the conformers violations were limited to < 0.2 A and were all accepted.
Two families of conformers (A and B ) could be discerned ( Figures 3A and 3B) , the major difference between the two being the orientation of the pterin rings towards the metal at the active site . This distance was shorter in family A (C4a is at 3.6-4.1 A, N5 at 3 .3 -3 .8 A and 04 at 3.3-4.1 A from the metal) than in family B (C4a is at 8.6-9 .0 A, N5 at 7 .8-8 .1 A, and 04 at 10.7-11 A from the metal) . For all the conformations it was determined that the dihedral angle (e) around the C 1 ' -C2' bond for the two hydroxyl groups in the side-chain at C6 was -75 0 to -83°. Assuming that the dihydroxypropyl side-chain at C6 has the same conformation in both enzyme- We have previously obtained data on the binding of the synthetic pterin cofactor (6R,S)-methyltetrahydropterin (6-MPH 4 ) to THl at near anaerobic conditions in the absence of amino acid substrate (12) . The distances between the metal and the H7R, H7S, H6 and methyl protons at C6 of 6-MPH 4 were calculated to range from 3 .8 (±0 .6 ) A to 5 .3 ( ±O.9) A. With these distances Pteridines/ Vol. 9 / No . I we modeled the conformation of TH1-bound 6-MPH 4 and compare it with that of BH 2 . The structure of the pterin ring of 6-MPH 4 was built according to the proposed structure of several tetrahydropterin salts as determined by X-ray diffraction (26, 27) and high resolution NMR experiments (25) , in which the C7 at the pyrazinering is nearly coplanar with the pyrimidine ring and the N8 atom essentially Sp2 h ybridized. The forty accepted conformers were also grouped into two families, i.e . family A with C4a-metal distances ranging from 3 .0 to 4 .0 A ( Figure 4A ) and family B in which this distance ranges from 7.0 to 7.5 A (Figure 4B ). Both families included conformers with equatorial and axial positions of the methyl group at C6, since both solutions are within the experimental error for the relative metal -proton distances. However, from previous 'H-NMR studies it has been shown that the methyl at C6 prefers equatorial-like orientations (25) , as shown in Figure 4A .
In order to investigate if the ambiguity in the distances from the pterin ring to the metal for Pteridines/ Vol. 9 / No . 1 both BH2 and 6-MPH 4 is a result of the lack of distance restrains from the pyrimidine ring, we synthesized 5,6,7 ,8 -tetrahydro-3-methylpterin, with stable protons at this ring. This pterin had cofactor activity with K m =685±40 mM and V max = 15± 1 nmol L-DOPA min·' mg·! (3% of the activity with BH4 as cofactor and remained reduced in D 2 0 even in the presence of 50 ~M apo-THl ( Figure 5 ) . On addition of Co(II) (up to 30 ~M) to this sample a decrease in liT, and I/T2 of the proton resonances was observed and the distances from 5 ,6 ,7,8-tetrahydro-3-methylpterin protons to the paramagnetic center were estimated (Table  3) . On modeling the conformation of the enzymebound 5,6,7,8 -tetrahydro-3 -methylpterin we found that the distance between the Co(II) in THI and the methyl was only compatible with conformers in which C4a is separated 4 .0-4 .5 A from the metal, equivalent to family A of conformers for both BH2 and 6-MPH 4 (see Figures 3  and 4) . "'"See Table 1 .
Discussion
In the present study the conformation of pterins ( BH2 and 6-MPH 4 ) when bound to the active site of metal-reconstituted THI has been computed based on 'H-NMR experiments. The binding of BH2 was studied in the presence of LPhe as amino acid substrate and the conformation of enzyme-bound L-Phe obtained in an earlier study ( 3) was confirmed. Two distance geometry solutions (families A and B) satisfYing the NMR data sets were obtained for the conformation of BH2 (and by assumption also f()r BH 4 ), as well as for 6-MPH 4 bound in the absence of L-Phe. This ambiguity seems to result from the lack of distance restrains from the pyrimidine ring. Since the tetrahydropterin reduces the enzyme-bound Fe (III) to Fe(IT) in TH, both in the presence and absence of amino acid substrate (28) , and BH4 is able to displace dopamine directly coordinated at the active site iron in THI (23) , it is likely that the pterin binds at a distance from the metal corresponding to that in the family A of conformers . This is further supported by the contormation obtained for enzyme-bound 5,6,7,8-tetrahydro-3-methylpterin. The estimated distances from the metal to the pterin ring are slightly different depending on the pterin analogue used and are shorter for 6-MPH 4 , which has good cofactor activity (1, 2, 14) , and longest for 5,6,7,8 -tetrahydro-3-methylpterin, which shows very low affinity and low cofactor activity (this work). These differences in the metal-pterin ring distances for the various cofactor analogues may result from the experimental error associated to the determination of absolute metal-proton distances by the paramagnetic probe-T, method (about 15%) . In addition, this results might also indicate that the N3 at the pyrimidine ring interacts with the enzyme, as found in other pterin binding proteins as chicken liver dihydrofolate reductase in which a glutamic acid side chain forms hydrogen bonds to both N3 and cxocyclic N2 of the pterin (29) . In this context, the residue Glu332, located at the active site of TH ( 11) may be involved in the binding of the pterin. This amino acid is conserved in the homologous enzyme phenylalanine hydroxylase, in which it has been shown to be of critical importance for pterin binding (30) .
In addition to the substitutions on the tetrahydropterin ring, the C6 chirality and the contc)rmation of the side-chain at C6 seem to be critical for the affinity and the regulatory properties of the cofactor (1,2,31) . The conformation around the Cl ' -C2 ' in the dihydroxypropyl-side chain at C6 in BH4 has been found to be trans both by X-ray analysis (24) and theoretical calculations by the molecular-orbital method (32) . Moreover, these hydroxyl groups in BH2 bound to 4a-hydroxycarbinolamine dehydratase are trans and only the I' interacts with the protein through a hydrogen bond (33) . For this enzyme, however, there are small effects of substitutions at C6 of the pterin on the catalytic efficiency of the enzyme ( 34) . The data obtained in the present NMR study are consistent with these two hydroxyl groups in THl-bound BH2 being almostcis ( 8= -75" to -83") , indicating that their cont(xmation might be altered on binding to the enzyme. The hydroxyls in biopterin are also bound in almost-cis conformation to dihydrofolate reductase (29) , an enzyme showing a narrow specificity for substitutions at C6 ( 35) .
Due to the metal coordinating ability of the pterins, both in small pteridine-containing metal complexes (36, 37) and in the copper-inhibited phenylalanine hydroxylase of Chromobacterium violaceum ( 38) , the possibility of a direct coordination of the pterins to the ctivalent metal in TH (iron in the active form) was considered. For all the conformers of BH2 or 6-MPH4' the estimated distance between either the 4-oxo in the pyrimidine ring or the N5 in the pyrazine ring and the metal were 3 .3-4 .1 A Although these distances incticate that a metal-pterin coordination is unlikely, the experimental error associated to the determination of absolute metal-proton distances prevents a definite conclusion.
It has been proposed that a 4a-hydroperoxytetrahydropterin, or a similar species also involving the iron atom at the active site, is the hydroxylating intermediate in the TH catalyzed reaction (1, 10) , although this species has not been directly observed with any tetrahydropterin dependent enzyme. Both the pterin ring and the aromatic ring of L-Phe « 3) and this work) seem to be placed in the second coordination sphere of the metal in THl, supporting a key role of the iron in the hydroxylation reaction. A dioxygen Pteridines / V 01. 9 / N o . 1 molecule bound to the iron forming a peroxo-or superoxo-iron species comes close « 3 A) from both the C4a atom in the pterin [the 4a-hydroxytetrahydropterin is the first product of the reaction (8-10)] and either the C3-or the C4-position of the aromatic ring of the substrate. The site of initial hydroxylation in the substrate is determined primarily by steric factors, with a ratio for addition at C4-versus C3-position of 24: 1 for L-Phe as the substrate (39) (40) . Thus, the results of our structural studies are consistent with a hydroxylating species involving the active site iron m TH, in agreement with recent kinetic data (40 ) .
